Computational and neurophysiological research has highlighted neural processes that accumulate sensory evidence for perceptual decisions [1] . These processes have been studied in the context of highly simplified perceptual discrimination paradigms in which the physical evidence appears at times and locations that are either entirely predictable or exogenously cued (e.g., by the onset of the stimulus itself). Yet, we are rarely afforded such certainty in everyday life. For example, when driving along a busy motorway, we must continually monitor the movements of surrounding vehicles for events that call for a lane change. In such scenarios, it is unknown which of the continuously present information sources will become relevant or when. Although it is well established that evidence integration provides an effective mechanism for countering the impact of noise [2] , the question of how this mechanism is implemented in the face of uncertain evidence onsets has yet to be answered. Here, we show that when monitoring two potential sources of information for evidence occurring unpredictably in both time and space, the human brain employs discrete, early target selection signals that significantly modulate the onset and rate of neural evidence accumulation, and thereby the timing and accuracy of perceptual reports. These selection signals share many of the key characteristics of the N2pc component highlighted in the literature on visual search [3, 4] yet are present even in the absence of distractors and under situations of low temporal and spatial uncertainty. These data provide novel insights into how target selection supports decision making in uncertain environments.
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In Brief Loughnane et al. develop a novel EEG paradigm to investigate how the brain makes perceptual decisions in the face of uncertain timing and location of evidence onsets. They show that the brain employs target selection signals that modulate the onset and rate of neural evidence accumulation and thereby the timing and accuracy of perceptual reports.
SUMMARY
Computational and neurophysiological research has highlighted neural processes that accumulate sensory evidence for perceptual decisions [1] . These processes have been studied in the context of highly simplified perceptual discrimination paradigms in which the physical evidence appears at times and locations that are either entirely predictable or exogenously cued (e.g., by the onset of the stimulus itself). Yet, we are rarely afforded such certainty in everyday life. For example, when driving along a busy motorway, we must continually monitor the movements of surrounding vehicles for events that call for a lane change. In such scenarios, it is unknown which of the continuously present information sources will become relevant or when. Although it is well established that evidence integration provides an effective mechanism for countering the impact of noise [2] , the question of how this mechanism is implemented in the face of uncertain evidence onsets has yet to be answered. Here, we show that when monitoring two potential sources of information for evidence occurring unpredictably in both time and space, the human brain employs discrete, early target selection signals that significantly modulate the onset and rate of neural evidence accumulation, and thereby the timing and accuracy of perceptual reports. These selection signals share many of the key characteristics of the N2pc component highlighted in the literature on visual search [3, 4] yet are present even in the absence of distractors and under situations of low temporal and spatial uncertainty. These data provide novel insights into how target selection supports decision making in uncertain environments.
RESULTS AND DISCUSSION
We implemented a series of perceptual paradigms in which continuous visual stimuli were monitored for seamless changes in a single feature. The continuous stimulus presentation ensured that participants could not rely on stimulus appearance to cue evidence onset and also served to eliminate visualevoked transients from the event-related electroencephalogram (EEG), providing a clear view of the neural dynamics that contribute to decision formation. This paradigm innovation previously enabled us to identify an EEG signal representing a build-to-threshold decision variable (the centro-parietal positivity, or ''CPP'') whose dynamics predict the timing and accuracy of perceptual reports [5, 6] . Here, we investigated whether early target selection signals play a role in modulating this neural evidence accumulation process.
In experiment 1, participants performed a variant of the random dot motion task (RDM; [6] [7] [8] ) in which they monitored two peripheral dot kinematograms for intermittent periods of coherent motion occurring equally likely in either patch at unpredictable times ( Figure 1A ). Irrespective of which patch contained coherent motion, participants indicated the motion direction as quickly as possible via a left-hand button press for upward motion and right-hand press for downward motion. Hit rate (98.3% ± 1.3%) and discrimination accuracy (98.8% ± 1.3%) were close to ceiling while reaction times (RTs) were long and variable (880 ± 102 ms). Higher coherence levels produced significantly faster RTs (845 ms versus 915 ms; t(33) = 20.72, p < 0.001, d = 0.68) but did not affect hit rate or discrimination accuracy.
The CPP decision signal was reliably elicited by coherent motion in both hemifields, exhibiting a gradual, coherence-dependent buildup (t(33) = À2.3, p = 0.028, d = 0.22) that peaked at the time of response execution. Consistent with previous work [6, 9] , we found that faster RTs were predicted by earlier CPP onset latency and steeper buildup rate (onset: F(3,90) = 6.3, p = 0.003, h p 2 = 0.17; buildup rate: F(3,99) = 17.6, p < 0.001, h p 2 = 0.35; Figure 2A ). Prior to the onset of this decision process, we identified a pair of early negative deflections at lateral occipito-temporal sites, one over each hemisphere (Figure 1 ). The earliest of these deflections (hereafter labeled ''N2c'') was observed contralateral to the target location with an onset of 170 ms (182 ms before CPP onset). Its ipsilateral counterpart (hereafter ''N2i'') was smaller (p < 0.001) and had a later onset (308 ms). Analysis of cross-trial variation in N2c/N2i peak latencies indicated that they were significantly more closely aligned to coherent motion onset than response execution (N2c: F(1, 496) = 43.45, p < 0.001; N2i: F(1,524) = 95.72, p < 0.001; Figure 1C ), whereas the reverse was the case for the CPP (F(1, 578) = 18.64, p < 0.001). The peak amplitudes of the N2c and N2i increased significantly as a function of coherence (F(1,33) = 10.91, p = 0.002, h p 2 = 0.25), while their peak latencies decreased (F(1,33) = 7.64, p = 0.009, h p 2 = 0.18). To examine whether the N2 signals specifically select for task-relevant information, we manipulated the target-defining stimulus feature in experiment 2. Participants who had never previously performed an RDM task monitored bilateral dot kinematograms for subtle changes in color. In between these color changes, intermittent periods of coherent motion occurred at (D) Waveforms from N2c and N2i electrodes elicited by task-relevant color target stimuli (''Attend'') and task-irrelevant coherent motion (''Unattend''). Inset is the global field power (GFP) to color targets and motion non-targets, demonstrating the absence of any response to coherent motion when unattended. See also Figure S2 .
the same rate and levels as in experiment 1 but were incidental to the task requirements, and participants later reported being unaware of them. Whereas the N2c, N2i, and CPP were not elicited by the task-irrelevant coherent motion, all three signals were elicited by task-relevant color changes ( Figure 1D ). Note that the polarity, topography, latency, contralateral dominance, and contingency on task relevance of these deflections are highly consistent with the ''N2pc'' component characterized in studies of visual search ( [3, 4] ; see discussion).
To probe the relationship between the N2 signals and behavior, trials were sorted by RT and divided into four equalsized bins. N2c amplitude was significantly larger prior to faster RTs, but N2i amplitude was insensitive to RT (interaction: F(3,99) = 3.13, p = 0.03, h p 2 = 0.09, driven by a significant effect of RT on N2c, F(3,99) = 8.19, p < 0.001, h p 2 = 0.2, and not N2i, p = 0.8). Within-subject regressions confirmed that these group-level trends were represented at the individual subject level ( Figure S1 ). Thus, under bilateral viewing conditions, RT was most strongly predicted by the amplitude of the selection signal contralateral to the target location (N2c) in keeping with the contralateral dominance effects reported in research on visuo-spatial orienting [10] . Next, we investigated whether the N2c's impact on performance could be explained by its influence on evidence accumulation. We first examined whether the timing of the N2c predicted the CPP's onset and hence RT. To limit the potential influence of volume conduction between relevant electrodes, we transformed all signals to current source density [11] . Single-trial CPP waveforms and RTs were sorted according to N2c peak latency and divided into two equal-sized bins. Comparisons across bins ( Figure 2B ) confirmed that an earlier N2c predicted earlier CPP onset (320 versus 353 ms; t(32) = À2.8, p = 0.008, d = 0.28) and faster RT (858 ms versus 897 ms; t(32) = À7.28, p < 0.001, d = 0.37).
Mediation analysis of single-trial data further revealed that the effect of N2c amplitude on RT was partially mediated through changes in CPP buildup rate (Figure 2A) . At the time points with strongest overall mediation effects, all constituent predictive relationships in the mediation model were significant (N2c predicts CPP buildup rate, a = À0.073, p < 0.001; CPP buildup rate predicts RT, b = À0.096, p < 0.001; N2c predicts RT independent of CPP buildup rate, c = 0.049, p < 0.001). An additional mediation analysis using response-aligned CPP buildup measurements indicated that the effect persisted beyond the time interval for N2c measurement ($610 ms).The same relationships were observed for color targets (experiment 2; Figure S2 ).
We previously showed that undetected targets are associated with a lower-amplitude CPP, reflecting failure to reach a decision threshold [5] . If the N2 does indeed influence decision formation via its influence on CPP buildup, then failure to detect motion targets at all (let alone report direction correctly) should be associated also with reduced N2 amplitude. Experiment 3 tested for such a relationship using another RDM variant where participants simply detected downward-motion targets. Coherence levels were individually titrated to maintain performance at an average hit rate of 81%. N2c amplitude was significantly greater (t(42) = À2.33, p = 0.024, d = 0.4), and CPP buildup faster (t(42) = 6.27, p < 0.001, d = 1.37), prior to successful target detection ( Figure 2C ). Having established these relationships, we conducted further experiments to investigate the function of the N2.
Explanatory models of previously reported target selection signals, such as the N2pc, disagree on whether these signals are involved in the suppression of distractors or the selection of task-relevant information [3, [12] [13] [14] . This question could be readily addressed here by manipulating the requirement to simultaneously monitor two competing stimuli. In experiment 4, a new group of participants performed the RDM under two blocked conditions, involving either two peripheral patches or a single patch in either the left or right hemifield.
There was no significant difference between the bilateral versus unilateral conditions in RT (637 ms versus 647 ms, t(14) = À1.05, p = 0.3) or hit rate (99% versus 99%, t(14) = 0.74, p = 0.48), likely due to the high coherence level employed (45%). Despite the certainty regarding evidence location and the absence of any distracting stimuli, the N2c and N2i were reliably elicited in the unilateral condition, albeit with a 20% smaller amplitude (F(1,14) = 4.9, p = 0.044, h p 2 = 0.26) and an earlier N2i peak latency (interaction: F(1,14) = 5.07, p = 0.041, h p 2 = 0.27; driven by N2i latency difference: t(14) = À3.4, p = 0.004, d = 0.84; Figure 3A) .
Given that the primary function of target selection signals is generally regarded to be the localization of relevant peripheral stimuli, it is noteworthy that they were strongly present in this experiment despite there being no apparent need for spatial localization. However, since participants were centrally fixating, the presentation of a peripheral stimulus may still have encouraged the orienting of spatial attention to that object, and it has been suggested that suppression might be required even for visual locations known not to contain distracting objects [15] . We therefore tested for the presence of target selection signals in a task where the incentive to orient attention in space was fully removed. In experiment 5, we re-examined data from a study in which participants monitored a single kinematogram at fixation for leftward versus rightward motion [6] . Consistent with the preceding experiments, CPP onset was accompanied by N2 signals over both hemispheres, although in this case their onset was simultaneous ( Figure 3B Figure 3D ). Thus, the N2 predicted RT even in the absence of distractor stimuli and spatial orienting requirements.
The foregoing findings suggest a primary role for target selection signals in marking the onset of relevant evidence. One might intuit that such a function could only be useful in situations of either great spatial or temporal uncertainty. In experiment 6, we sought to test whether the N2 is invoked in a task with minimal uncertainty regarding sensory evidence onsets. Participants here performed an RDM in which coherent motion occurred at a fixed time following stimulus onset, with pre-cues specifying the location of the forthcoming evidence. Again, the contralateral and ipsilateral N2 components were clearly observed ( Figure 3E ).
Our results reveal that whether monitoring multiple information sources or a single stimulus at fixation, early target selection signals influence the timing and accuracy of perceptual reports by modulating the onset and rate of the neural evidence accumulation process. Our study builds on an extensive literature examining the role of target selection signals in the context of visual search [12, [16] [17] [18] . Although this previous work has demonstrated that selection signals facilitate the localization of target stimuli among interfering distractors, efforts to account for perceptual decisions based on multiple continuously present information streams have tended to invoke alternative mechanisms, such as a continuous division of processing resources [19] . However, the present study reveals that target selection mechanisms play a far more general role in decision formation than previously thought.
Our use of seamless sensory transitions was critical in establishing these relationships since it allowed us to isolate a discrete neural signal for target selection that could be measured at the single-trial level alongside an independent accumulation-to-bound decision process. Direct relationships with behavior have never before been established for human target selection signals, including the N2pc, possibly due to the reliance on cross-condition subtractions (e.g., target-present versus target-absent trials) to distinguish target-selective signals from those evoked by the sudden array onsets. We have gone further than establishing that target selection signals affect behavior by also uncovering how they do so, in terms of their influence on the onset and rate of decision variable buildup. Further investigation will be required to establish whether selection signals influence evidence accumulation rate by modulating early sensory processing [20] and/or by re-weighting task-relevant sensory signals at the decision level [21] .
Our data call for explicit inclusion of target selection mechanisms in models that, beyond providing quantitative accounts of RT data, are intended to accurately describe physiological mechanisms, especially as the behavioral contexts under study shift toward real life scenarios. While some model variants [22] within the sequential sampling framework assume that the mean rate of accumulation (''drift rate'') on a given trial is determined purely by the evidence strength itself, others allow for additional, ''extra-stimulus'' influences of unknown origin (e.g., drift rate variability; [23, 24] ). The current results support the existence of such extra-stimulus influences, although direct links between the N2 and specific model parameters remain to be explored. Our neurophysiological results appear broadly consistent with recently proposed computational models that invoke multiple processing stages for decision making [25, 26] . For example, one prominent model proposes that a first stage accumulates noisy sensory evidence for detection and provides the input to a subsequent linear rise-to-threshold decision stage [26] . However, the coherence-dependent buildup rate of the CPP is at odds with the evidence-independent rise of this model's second stage. The question of whether the N2 is itself an evidence accumulation process, similar to the first stage of the two-stage model, awaits further investigation.
The N2 signals reported here bear many similarities to the classic ''N2pc'' component, which has been the subject of intensive investigation in human and non-human primate studies of visual search. Both the N2 and N2pc have a temporo-occipital topography, are elicited by goal-relevant events, scale with the salience of the target event [17, 27] , are maximal over scalp regions contralateral to the target stimulus, and share a similar latency [12, 15, 17] . Consistent with the sensitivity of the N2pc to set size [13] , we also found that the N2 signals were larger in amplitude when participants monitored more than one stimulus. Indeed, application of the same cross-condition subtraction used classically to measure the N2pc revealed a time course very similar to the N2pc and again highlighted the novel finding of its scaling with RT ( Figure S3 ).
Our ability to measure neural signals for target selection in isolation and at the single-trial level allowed us to gain novel insights into their much-debated functional significance. Due to the presence of overlaid visual responses, past studies have not been able to determine whether the N2pc represents a functionally discrete selection signal or a modulation of early sensory components. Here, we show for the first time that the characteristic dynamics of the N2pc difference wave reflect the activity of two discrete neural signals, one generated in each hemisphere with a relative ipsilateral delay. This observation has important implications for future research investigating the impact of abnormal target selection on perceptual and cognitive function [10, [28] [29] [30] .The N2i, like the N2c, was sensitive to coherence and was observed even under unilateral monitoring conditions. This points to the ipsilateral hemisphere also playing a role in target selection but one that was not sufficiently prominent to drive a statistically significant relationship with behavior. Although it is difficult at present to surmise the origins of this ipsilateral component, single-unit recordings have identified extrastriate and parietal visual neurons that are responsive to ipsilateral space [31] [32] [33] . With the capability to isolate ipsilateral from contralateral components of target selection, future work may be able to delve deeper into the many interesting effects previously observed for the N2pc, particularly those related to the salience, proximity, numerosity, and target similarity of distractors.
Current explanatory accounts disagree regarding whether the N2pc facilitates target localization by inhibiting processing of distractor stimuli [3] or by enhancing target processing [4, 13] , and our findings provide strong evidence in favor of the latter interpretation. At the same time, we show that this role is not limited to scenarios that require target localization but generalizes to the processing of isolated goal-relevant sensory events.
To conclude, our data demonstrate that target selection mechanisms contribute critically to human decision making. That these selection mechanisms operate irrespective of temporal or spatial uncertainty may help to explain the remarkable human capacity for decision making in inherently complex and noisy environments.
EXPERIMENTAL PROCEDURES
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